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Introduction

Human trophoblastic cell lines, such as BeWo, are commonly used in 2D models to study placental Trypanosoma cruzi infections. However, these models do not accurately represent natural infections. Three-dimensional (3D) microtissue cultures offer a more physiologically relevant in vitro model, mimicking tissue microarchitecture and providing an environment closer to natural infections. These 3D cultures exhibit functions such as cell proliferation, differentiation, morphogenesis, and gene expression that resemble in vivo conditions.





Methods

We developed a 3D culture model using the human trophoblastic cell line BeWo and nonadherent agarose molds from the MicroTissues® 3D Petri Dish® system. Both small (12–256) and large (12–81) models were tested with varying initial cell numbers. We measured the diameter of the 3D cultures and evaluated cell viability using Trypan Blue dye. Trophoblast functionality was assessed by measuring β-hCG production via ELISA. Cell fusion was evaluated using confocal microscopy, with Phalloidin or ZO-1 marking cell edges and DAPI staining nuclei. T. cruzi infection was assessed by microscopy and quantitative PCR, targeting the EF1-α gene for T. cruzi and GAPDH for BeWo cells, using three parasite strains: VD (isolated from a congenital Chagas disease infant and classified as Tc VI), and K98 and Pan4 (unrelated to congenital infection and classified as Tc I).





Results

Seeding 1000 BeWo cells per microwell in the large model resulted in comparable cellular viability to 2D cultures, with a theoretical diameter of 408.68 ± 12.65 μm observed at 5 days. Functionality, assessed through β-hCG production, exceeded levels in 2D cultures at both 3 and 5 days. T. cruzi infection was confirmed by qPCR and microscopy, showing parasite presence inside the cells for all three tested strains. The distribution and progression of the infection varied with each strain.





Discussion

This innovative 3D model offers a simple yet effective approach for generating viable and functional cultures susceptible to T. cruzi infection, presenting significant potential for studying the placental microenvironment.
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1 Introduction

Trypanosoma cruzi, the causative agent of Chagas disease (CD), one of the most neglected tropical diseases (NTDs) in the world, affects around 7 million people in 21 endemic countries of America as well as in non-endemic countries due to increased migration (Chagas disease in Latin America: an epidemiological update based on 2010 estimates, 2015; Antinori et al., 2017; Organización Panamericana de la Salud, 2020). It is estimated that globally more than two million women of reproductive age are affected by T. cruzi infection, and 1–10% of fetuses carried by infected mothers are born with CD (Oliveira et al., 2010; Carlier and Truyens, 2015; Carlier et al., 2015).

Transplacental transmission of T. cruzi causes congenital CD (cCD) in 4–8% of chronic CD women`s offspring, and even if cCD does not occur, pregnancy outcome may exhibit increased risk of preterm birth, low-birth weight and stillbirth (Torrico et al., 2004; Liempi et al., 2016).

The 63rd World Health Assembly urged governments to establish algorithms for early diagnosis of NTDs in newborns, with emphasis in cCD (WHA63.20 Chagas disease: control and elimination, 2010). Although cCD infants can develop severe clinical forms, most are asymptomatic, so unlikely to be diagnosed and treated unless the infection is specifically tested for (Messenger and Bern, 2018; Picado et al., 2018). If untreated, cCD infants are at risk of disabling and life-threatening chronic pathologies later in life (Picado et al., 2018).

To infect the developing fetus, T. cruzi trypomastigotes (TCT), must cross the trophoblasts, which form the first fetal tissue of the placental barrier. This epithelium forms a covering of mononuclear villous cytotrophoblasts (CT) lying beneath syncytiotrophoblasts (ST), which are in direct contact with maternal blood. After gestational week 20, CT cells diminish and the nuclei of ST cells group together forming nodes. This restructuring favors metabolic exchange due to the formation of thin cytoplasmatic areas devoid of nuclei, so that fetal capillaries come close to the ST and the placental membrane transforms into a thinner barrier. At this stage, parasite invasion may be facilitated causing cCD.

It has been proposed that maternal bloodstream TCTs in the intervillous space infects ST, CT and fetal connective tissue of the villous stroma invading the different cell types. Trypomastigotes differentiate into intracellular amastigotes (ICA), which proliferate and after a certain number of replications differentiate again into TCTs, which can invade the fetal capillaries reaching the fetus (Duaso et al., 2010; Carlier et al., 2012; Liempi et al., 2016).

It was reported that some mothers transmit Chagas disease through successive pregnancies and even across generations of congenitally infected women. This phenomenon is known as family clustering of vertical transmission (Burgos et al., 2007; Bisio et al., 2011; Kemmerling et al., 2019). The mechanisms underlying cCD family clustering remain to be elucidated; the interplay between parasite genetic diversity and placental factors appear to be involved (Kemmerling et al., 2019). Bloodstream TCT burden in pregnant women, which varies with the parasite strains, is a key element determining transmission (Burgos et al., 2007; Bisio et al., 2011; Bua et al., 2012; Bua et al., 2013). T. cruzi populations are classified in seven discrete typing units (DTUs, TcI-TcVI and Tcbat), on the basis of immunological, biochemical and genetic markers with intra-DTU diversity (Zingales et al., 2012; Brenière et al., 2016). Different clones exhibit differential tissue tropism and virulence (Macedo and Pena, 1998; Macedo et al., 2004) and certain haplotypes have been associated with cCD (Carlier and Truyens, 2015; Herrera et al., 2019). Furthermore, tissue tropism to the placenta of different T. cruzi strains has been described, particularly in the murine model (Andrade, 1982); Colombiana strain (Tc I) presents a high incidence of placental parasitism (98%) compared to Y strain (Tc II) that only infects 17% of the placentas (Andrade, 1982).

Human trophoblastic cell lines, such as BeWo, have been frequently used as 2D host models for placental T. cruzi infection studies (Liempi et al., 2015; Droguett et al., 2017). Despite it has been demonstrated that T. cruzi induces trophoblast differentiation, denoted by expression of β-hCG and syncyntin as well as by cell fusion forming STs (Liempi et al., 2015; Droguett et al., 2017), 2D cultures are poor representatives of natural trophoblast infections.

Three-dimensional microtissue cultures (3DMT, spheroids) have been developed as novel in-vitro models, physiologically relevant, as they can mimic the microarchitecture of tissues providing an environment like that found in natural infections (Shamir and Ewald, 2014). Biological functions of 3D cultures that approach those of in vivo situations include cell proliferation, differentiation, morphogenesis, and gene expression (Smalley et al., 2006; Yamada and Cukierman, 2007; Shamir and Ewald, 2014). A 3D placental MT model has been developed to recreate the human placental environment and to perform nanotoxicity tests (Muoth et al., 2016). When cultured in 3D, trophoblast cells express markers associated with STs’ differentiation and produce placental hormones (Silberstein et al., 2021).

Previous studies using the murine experimental model have shown that a T. cruzi clone isolated from a cCD case exhibited a different degree of infectivity to placental tissues compared to another clone that is not transmissible through the placenta (Juiz et al., 2017).

This study aims to construct a 3D microtissue model with BeWo cells and explore infectivity differences among T. cruzi strains, specifically those associated or not with vertical transmission.




2 Materials and methods



2.1 Trophoblast cell culture

The human trophoblast cell line BeWo was used. Cultures were maintained with DMEM-F12 medium (Gibco, Grand Island, NY) supplemented with 5% inactivated SFB (Internegocios S.A., Mercedes, Buenos Aires, Argentina), 2mM L-glutamine (Gibco, Grand Island, NY), 100 IU/ml penicillin/100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) in a humid atmosphere containing 5% CO2 at 37.5°C. Cultures were held to approximately 80% confluence and treated with 0.25% Trypsin-0.04% EDTA (Gibco, Grand Island, NY) to disrupt and subculture.




2.2 Trypanosoma cruzi cultures

The strains VD, K98 and Pan4 of T. cruzi were used. VD (Tc VI) is a clone obtained from an argentinean cCD patient (Risso et al., 2004) and K98 (Tc I) (Solana et al., 2002) is a clone derived from the non-lethal myotropic CA-I strain that is not transmissible through placenta, isolated from an argentinean chronic cardiac CD patient (Solana et al., 2002). For the experiments carried out with K98 strain, a transfected clone expressing the fluorescent green protein (K98-GFP) was used (Miranda et al., 2015).

Pan4 is a clone derived from a strain originally isolated from a 32-year-old patient from the Arraijan district (Panamá) in 2006, kindly donated by Dr Antonio Osuna de Albornoz and used a high virulent strain in tissues others than placenta (De Pablos et al., 2011).

These parasite stocks were cultured at their epimastigote stage in LIT medium supplemented with 10% SFB, 20mg/mL hemin and 100 IU/ml penicillin/100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) at 28°C until stationary phase to increase the percentage of parasites in the metacyclic trypomastigote stage. At this point, the parasites were placed in contact with BeWo cell cultures to obtain trypomastigotes in the culture medium after 5–7 days, with which the infection tests were carried out.




2.3 Three-dimensional cultures

For three-dimensional (3D) cultures the MicroTissues® 3D Petri Dish® system (Sigma‐Aldrich®, St. Louis, MO) were used. This system consists of an autoclavable silicone mold that is used to generate agarose 3D Petri Dish® with non-stick microwells where three-dimensional cultures will be formed. Two models were used: 12–256 small spheroids (cat. Z764000–6EA) and 12–81 Large spheroids (cat. Z764019–6EA) and proceeded according to the manufacturer’s recommendations. Briefly, 2% agarose in 0.9% NaCl solution was autoclaved and allowed to cool to 60–70°C. Each autoclaved silicone mold was filled with 500 µl of molten agarose and after allowing it to solidify, the silicone molds were flexed with forceps to facilitate the agarose 3D Petri Dish separate from the mold. These agarose molds were placed in a 12-wells plate and two incubations were carried out in 10% SFB cell culture medium for 15 minutes to equilibrate them.

Each cell suspension tested was placed in the micromolds, in a final volume of 190 µL and after 15 minutes, 2.5mL of cell culture medium were added.

Suspensions of BeWo cells at various concentrations were examined to identify the optimal conditions for forming uniform spheroids that were not constrained by well size and did not exceed 500 µm in diameter. This size limitation is based on findings by Hirschhaeuser et al (Hirschhaeuser et al., 2010), which indicate that central secondary necrosis typically occurs in tumor spheroid cultures exceeding 500 µm in size.,

Starting with the concentrations estimated by the manufacturers, 3375 cells per microwell for both models, 1000 for Large molds and 316 for small molds were tested.

The 3D cultures were observed using a ZEISS “AXIO Vert.A1” inverted microscope equipped with a ZEISS “Axiocam 202 mono” camera (Carl Zeiss AG, Oberkochen, Germany). The perimeter of the spheroids was assessed using Fiji (Schindelin et al., 2012), and the theoretical diameter was reported as if they were spherical.

Using the LIVE/DEAD Cell Imaging Kit (Thermo Scientific, Rockford, IL, USA), spheroids of 1000 cells per microwell of the Large model were analyzed after 3 days of seeding after incubation with the dye for 3 hours. Using the Zeiss LSM 880 Confocal Microscope (Carl Zeiss AG, Oberkochen, Germany), a z-stack was performed taking images every 1.6 um in the z axis. The excitation wavelengths used were 488 nm and 543 nm, and the detection ranges were 494.32–558.26 nm and 632.51–735 nm, respectively. A 20X objective with a numerical aperture of 0.8 (Plan-Apochromat 20x/0.8 M27) and a magnification of 1.2X were used.

The images were processed with ZEN (blue edition, version 3.5.093.00004) software (Carl Zeiss AG, Oberkochen, Germany) to perform 3D reconstructions and with Fiji for maximum intensity projection.




2.4 Live and dead cells in the different models

The proportion of live and dead cells in the cultures was measured using the Trypan Blue dye. For this, after 3 or 5 days of culture, the spheroids were removed from their molds up and down with a 1000 µL pipette, transferred to 1.5 mL tubes and washed 3 times with PBS, allowing them to decant by gravity between each wash. After washing, the spheroids were incubated with Trypsin-EDTA for 30 min at 37°C, shaking the tubes every 10 min.

Subsequently, 1 mL of culture medium was added, and pipetting continued until no clumps were discernible. The mixture was then centrifuged for 8 minutes at 500 rpm and subsequently resuspended in a final volume of 150 µL.

In 2D cultures, trypsin treatment lasted for 8 minutes, while the following steps of the procedure remained unchanged. The resulting cell suspension was mixed in a 1:1 ratio with Trypan Blue dye and examined under the microscope using a Neubauer chamber. Three independent cultures were conducted for each model for 3 and 5 days (2D, 3D small, and 3D Large), ensuring that in all instances, over 100 total cells were counted.




2.5 β-hCG measurement

To assess culture functionality, the concentration of the Beta subunit of Chorionic Gonadotropin (β-hCG) in the culture supernatant was measured both in the presence and absence of forskolin stimulation. Forskolin induces trophoblast cell fusion and has been demonstrated to trigger this process in the BeWo cell line (Orendi et al., 2010). Measuring β-hCG under these conditions serves as an indicator of functionality in cultures, allowing for comparison to the forskolin stimulus. Equivalent cell quantities were utilized in both 2D and 3D cultures of varying sizes. After one day, the culture medium was refreshed, and forskolin was added to half of the cultures at a final concentration of 20 µM. Supernatant samples were collected on days 3 and 5, with the culture medium renewed each time, and promptly frozen at -80°C until quantification. In all cases the volume of culture medium was 2.5 mL.

The quantification of β-hCG was conducted through ELISA, employing a Beckman Coulter Access Total ß-hCG kit (Beckman Coulter Inc., CA, USA), following the manufacturer’s recommendations.




2.6 Immunofluorescence microscopy

Cultures with or without forskolin were removed from the molds at day 5, washed with PBS and incubated with 4% paraformaldehyde for 3h. After this time, three 15-min washes were performed with PBS and 1 mL of 10% w/v sucrose in PBS was added and incubated overnight. Using Disposable Base Molds (Fisher Scientific, Hampton, NH, EEUU), the spheroids were embedded in 10% gelatin plus 10% sucrose in PBS. Gelatin plugs were adhered to cork squares using Tissue Plus O.C.T. Compound (Fisher Scientific, Hampton, NH, EEUU). Isopentane was used to freeze them, adding dry ice to achieve a temperature of -50°C, and the blocks were submerged for one minute and then stored at -80°C until cutting. Sections were made in a cryostat, 20um thick, and placed on Superfrost Plus Microscope Slides (Fisher Scientific, Hampton, NH, EEUU).

Prior to immunolabeling, samples were washed with PBS, permeabilized with 0.2% Triton X-100 for 5 min, and then submerged in PBS for at least 5 min. Solutions of Phalloidin Alexa Fluor™ 546 1X, ZO-1 ALEXA FLUOR 647 (AB_2663167) 1 µg/mL antibody (Thermo Scientific, Rockford, IL, USA), anti-T. cruzi mouse serum 1/1000 (Benatar et al., 2015) in PBS- 0.5% BSA were used, and incubated for 90 minutes at room temperature, protected from light. Alexa Fluor 488 conjugated goat anti-mouse IgG (AB_2536161, Thermo Scientific, Rockford, IL, USA) was used as secondary Ab 1/200 in PBS-0,1% BSA and incubated for 60 minutes at room temperature. Finally, the slides were washed once with PBS 0.05% Tween 20 and twice with PBS during 5 min each.

The specimens were mounted using VECTASHIELD Antifade Mounting Medium with Dapi from Vector Laboratories (Newark, CA, USA). Visualization was performed using a confocal Leica TCS SPE microscope at a 40X magnification with an immersion objective, utilizing 405, 488, 532, and 635 lasers. Three distinct replicates were generated, and photographs of three randomly selected sections were captured.

The fusion radius was determined by calculating 100 times the number of nuclei within syncytia (defined as three or more nuclei lacking zo-1 or actin barrier) to the total number of nuclei.




2.7 Infection with different strains of T. cruzi

Spheroids of 1000 cells were grown per microwell using the Large mold for 3 days, the culture medium was removed and fresh medium containing trypomastigotes of strains VD, K98 and PAN4 was added at MOI 20:1 and incubated for 48 hours.

Conventional 2D cultures were also put in contact with the same T. cruzi strains and MOI described above for 3 hours, washed with PBS 7–10 times and cultured for 48 hours.

To assess infectivity, three replicates were analyzed for each strain using microscopy to visualize the infection. Each replicate consisted of either 81 spheroids or a coverslip for 2D cultures. After fixation, labeling for actin and T. cruzi was carried out, excluding the K98-GFP strain.




2.8 Quantification of parasite loads in spheroids

Three wells of 2D infected cultures, as previously described, underwent trypsin treatment and were subsequently collected in Eppendorf tubes, pooling the samples for each strain of T. cruzi.

Three wells containing infected spheroids, following the described procedure, were transferred to a Falcon tube, creating a pool for each strain. Subsequently, 10 washes were performed to remove parasites that were not located within the spheroids.

DNA was extracted using the High Pure PCR Template Preparation kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s instructions for tissues.

Comparative parasite loads in 2D and 3D cultures were determined for each strain by means of qPCR using primers for the T. cruzi Elongation factor 1α gene (Billaut-Mulot et al., 1996; Alves et al., 2015) (EF-1α, EF-1αfw 5’-GGAGGCATTGACAAGCGGACGAT-3’, EF-1αrv 5´-GATCGTGAACACAGACTTGGGCG-3) and GAPDH for the quantification of human trophoblastic cells (GAPDH fw 5′-GGTCTCCTCTGACTTCAACA-3′ and GAPDH rev 5′-GTGAGGGTCTCTCTCTTCCT-3′).

Quantification was performed utilizing standard curves specific to each set of primers.

For EF-1α gene, the pGEM®-T Easy Vector System (Promega, Madison, Wisconsin, USA) was employed to construct a recombinant plasmid containing a single EF-1α gene copy, and serial 1:10 dilutions were prepared, ranging from 8x10^7 to 8x10^2 copies/µl to build a standard curve for T.cruzi quantification.

For GAPDH, BeWo cells were enumerated in a Neubauer chamber, and DNA extraction was carried out. Subsequently, 5 serial dilutions at 1:10 were prepared, beginning at 6.66 x 10^5 cells/mL to construct the standard curve for quantifying BeWo cells.

The qPCR was performed in the QG 9600 PeetLab Real Time Thermocycler (China) using the FG POWER SYBR GREEN PCR mix (Thermo Scientific, Rockford, IL, USA), 0.3 µM of primers and 1/100 dilution of the extracted DNA. Cycling included 94°C for 5 minutes, 40 cycles of 94°C for 30 seconds + 58°C for 30 seconds, and finally, a Melting curve from 75 to 95°C.

Using the standard curve corresponding to each gene, the parasite copy number per BeWo cell and the number of BeWo cells in each infected spheroid sample were calculated.




2.9 Statistics

Statistical comparisons were conducted using one-way ANOVA followed by the Tukey test for multiple-group comparisons, three replicates per experiment were performed and are presented as the median with standard deviation.

For the analysis of the parasitic load per BeWo cell, Student’s T-test was used to compare the 2D and 3D models. A p-value < 0.05 was considered statistically significant.





3 Results



3.1 3D culture growth profile

Small and Large molds were used for seeding. In Figure 1A, the growth profile of both Small and Large spheroids, consisting of 3375 cells per microwell, is depicted over an 8-day period. Spheroids in both molds were observed to form as early as day 1 post-seeding. By day 4, the Large spheroids surpassed the critical diameter of 500 µm, whereas the Small ones did not exceed the critical diameter due to limitations imposed by the microwell size.




Figure 1 | BeWo spheroids. (A) Using the 3D Petri Dish system, 3375 and 316 cells per microwell in the small model (full and empty triangles respectively) and 3375 and 1000 cells per microwell in the Large model (full and empty circles respectively) were seeded according to the manufacturer’s protocol. The graph shows the average of 3 measurements and their standard deviation for each condition. (B) Sequential images using the inverted microscope illustrating the daily progression of results after seeding 316 and 1000 cells per microwell in the Small and Large mold respectively. Scale bar: 100 μm.



Subsequently, a reduced number of cells—1000 cells per Large microwell and 316 cells per small microwell—were tested. It was noted that the spheroids formed uniformly, and their growth was not restricted by the microwell diameter, yet they did not surpass 500 µm even after 5 days (Figures 1A, B).

Consequently, it was decided to proceed with these spheroids for further experimentation.




3.2 Viability and functionality

In order to set up T.cruzi infection experiments, the cellular viability of spheroids was firstly evaluated in comparison to 2D cultures by disassembling cell cultures at 3 and 5 days. In Figure 2, the percentages of viable and non-viable cells are illustrated for 2D and 3D Small and Large models. The initial seeding involved 81,000 cells per well (equivalent to 316 and 1000 cells in the Small and Large models, respectively), with or without a micromold.




Figure 2 | Cell viability. 2D and 3D cultures, initiated with the same number of cells, were grown for 3 days and 5 days, then dissociated and stained with Trypan blue. The bars represent the percentage of live (light gray) and dead (dark gray) cells along with the standard deviation.



Across all three culture types, a substantial percentage of live cells was observed at both 3 days (exceeding 93%) and 5 days, with a marginal decrease in viability (approximately 90% of live cells). No significant differences were noted for each model at both incubation time points, suggesting comparability among these models.

The assessment of β-hCG levels in the culture medium served as an indicator of trophoblast functionality across different models, both with and without forskolin stimulation (Figure 3). In the absence of stimuli, noticeably elevated levels of β-hCG were evident in both spheroid sizes (Small and Large) and at both time points (3 and 5 days), surpassing the levels observed in 2D cultures, confirming a functional trophoblast microtissue. For cultures treated with forskolin, significant differences were noted at 3 days. However, by the fifth day, all cultures exhibited elevated levels of β-hCG in the supernatant (*** p<0.001).




Figure 3 | β-hCG production. The release of β-hCG into the culture medium in the different models was quantified using ELISA, both with and without forskolin stimulation at days 3 and 5 after seeding. (***p<0.001).



The ST displays a multinucleated structure resulting from the fusion of cytotrophoblasts. To measure the extent of fusion, cultures were incubated for five days before being prepared for fluorescence microscopy. Actin was labeled using Phalloidin, while ZO-1 was utilized to mark cell junctions. Subsequently, the radius of cell fusion was calculated for quantitative assessment (Figure 4 and Supplementary Figure 1). In the absence of forskolin, the fusion ratios were below 8% for all models. However, in its presence, the fusion ratios ranged from 25% to 50%, with no significant differences observed between the models (Supplementary Figure 1). Based on these findings, the Large model was selected for T. cruzi infection experiments. Supplementary Figure 2 shows the 3D reconstruction of the Large spheroid model used in subsequent infection assays. Large spheroids were easier to manipulate when preparing samples for microscopy, and their viability remained unaffected at both 3 and 5 days.




Figure 4 | Trophoblast fusion. 2D and 3D cultures, with and without forskolin, were fixed at 5 days. Cryostat sections were prepared, and immunofluorescent labeling with Phalloidin or Zo-1 (in green) for membrane visualization and DAPI (in magenta) for nuclei was performed. Confocal Microscopy images were taken. The images on the right column show the merge of both channels. The white arrow points to a syncytium. Scale bar: 100 µm.






3.3 Infection with T. cruzi strains

T. cruzi infection experiments were carried out in absence of forskolin, given that functionality measured by β-hCG production exhibited a substantial increase compared to 2D cultures.

Three-day-old 3D Large cultures were exposed to T. cruzi trypomastigotes for 48 hours. Following this exposure, the cultures were fixed and labeled using immunofluorescence. Using all three parasitic stocks (VD, K98-PtrexGFP, and PAN4), the infection proved successful, and intracellular amastigotes were observable. This was demonstrated either by the expression of green fluorescent proteins or by labeling with an anti-T. cruzi antibody, as shown in Figure 5 (one example per strain) and in Supplementary Figures 3–5 for VD, K98-PtrexGFP, and PAN4, respectively.




Figure 5 | Infection of 3D cultures by congenital and non-congenital T. cruzi strains. Three-day-old spheroids were exposed to T. cruzi trypomastigotes from K98, VD and PAN4 stocks. From left to right, the images display examples of infected spheroids, showing nuclei in blue, parasites in green, phalloidin labeling in magenta, and the merge of channels. Scale bar: 100 µm.



Parasite load quantification was conducted through qPCR using primers specific for a T. cruzi conservative gene and human cells. The outcomes are presented as the number of T. cruzi target gene DNA copies per BeWo cell. For VD strain, a significant difference was observed between 2D and 3D models: in 2D cultures, the EF-1α per cell ratio was 0.09 ± 0.05, while in 3DMT it was 2.30 ± 0.69 (p < 0.01). For K98 strain, the difference between 2D and 3DMT was smaller, with the EF-1α per BeWo cell ratio being 0.12 ± 0.03 for 2D cultures and 0.28 ± 0.07 (p < 0.05) for 3DMT cultures.

In the case of PAN4, infection in 3DMT resulted in a ratio of 0.63 ± 0.21 copies of EF-1α per BeWo cell (Figure 6A). Furthermore, we compared the number of BeWo cells in infection experiments using different T. cruzi strains by means of a qPCR test targeting the human GAPDH gene. The 3D culture infected with the congenital VD strain showed the highest cell count, followed by K98, and finally PAN4 (Figure 6B).




Figure 6 | (A). Parasitic loads of T.cruzi strains in BeWo spheroids. Quantification by qPCR of the parasite load expressed as copies of T. cruzi EF1-α per BeWo cell. (B). BeWo cells quantification. Comparison of numbers of infected BeWo cells by means of a qPCR test targeting the human GAPDH gene. A standard curve made of serial dilutions of DNA extracted from counted BeWo cells was used for PCR quantification. The results are presented as the mean with the SD. *p<0,05; **p< 0,01; ***p<0,001.







4 Discussion

Spheroids, which are dense cell aggregates flourishing in a non-adherent 3D environment, mimic their native microenvironment by fostering intercellular interactions and secreting extracellular matrix components (Fennema et al., 2013; Zanoni et al., 2016).

In our study, we observed that with an initial seeding of 1000 cells per Large microwell and 316 per Small microwell, the theoretical diameter did not surpass 500 µm after 5 days. This aligns with the estimated limit value to prevent the formation of a necrotic center (Hirschhaeuser et al., 2010). In fact, cell viability in 3D BeWo cultures remained relatively stable compared to 2D cultures. Furthermore, in the absence of forskolin induction, spheroids expressed β-hCG, indicating trophoblast functionality. This observation held true for both small and Large spheroids at 3 and 5 days, with elevated β-hCG levels compared to those observed in 2D BeWo cultures. This result is consistent with a study comparing 3DMT of trophoblasts, including the BeWo cell line, where an increase in β-hCG production was observed in the 3D cultures compared to the 2D ones (Stojanovska et al., 2022).

In principle, either of these two culture models could have been used for the infection assays, but Large models were chosen as they were easier to manipulate when assembling samples for microscopy, being easily observable to the naked eye.

Although β-hCG levels measured in 3D cultures were higher than in 2D cultures even in the absence of forskolin stimulation, trophoblast fusion was scarcely observed in 3D with respect to 2D cultures, being in all cases without stimulus, less than 8%. In the presence of forskolin, fusion radio ranged between 25 and 50%, with no significant differences between the models. Therefore, unless forskolin is utilized, this model might be limited in accurately representing the third trimester of pregnancy. In contrast, Silberstein’s study demonstrated the spontaneous fusion of trophoblastic cells from the JEG-3 line when co-cultured with human brain microvascular endothelial cells attached to microcarrier beads in a rotating biorreactor (Silberstein et al., 2021).

Since functionality, measured by β-hCG production, exhibited a substantial increase without the requirement for supplemental forskolin in the culture medium, in this work we chose to minimize the artificial manipulation and performed infection experiments without this stimulus.

Despite their potential, the use of spheroids in exploring infectious diseases and host-parasite interactions has been limited.

Our study focuses on establishing 3D human trophoblast microtissues susceptible to various T. cruzi strains. In contrast to a previous investigation involving Jeg-3 cells, which exhibited reduced susceptibility to T. cruzi in 3D cultures (Silberstein et al., 2021), the use of BeWo trophoblasts revealed that different T. cruzi strains were able to infect the spheroids. Intracellular amastigotes were observed by microscopy for the three strains tested (Figure 5 and Supplementary Figures 3–5) In the case of the VD strain, a wider distribution of the infection was observed, with parasites detected even in the core of the spheroids. For K98, the distribution appeared to be more limited to areas near the spheroid surface. For PAN4, a greater parasite burden was observed in the infected cells, suggesting a higher rate of amastigote replication. Additionally, the distribution of PAN4 showed high green fluorescence, forming patches on the surface of the spheroids and dispersed parasites reaching the core.

We performed qPCR to estimate the parasite load per BeWo cell, which resulted in significant differences between 2D and 3DMT cultures for each strain tested. Moreover, for strain VD, this difference was more pronounced in 3DMT, which is in agreement with previous in-vivo findings in the murine model, showing that VD exhibited higher placental tropism than K98 (Juiz et al., 2017), suggesting that these trophoblastic spheroids could better represent in vivo conditions of infectivity than 2D models. Indeed, when culture in 2D, the K98 strain produced a higher percentage of infected cells than VD (unpublished data). Regarding the PAN4 strain, if we consider that it may have the same dosage of EF-1α copies than K98, since both strains belong to the same DTU, we can infer that in 3DMT cultures, the number of parasites per BeWo cell is higher than for K98. This is consistent with the fact that PAN4 is considered a highly virulent strain (De Pablos et al., 2011).

Moreover, when we estimated the number of BeWo cells in the infected cultures using the human GAPDH gene as a surrogate marker in qPCR experiments, we found that VD-infected spheroids harbored the highest number of host cells. This suggests that the congenital VD strain might induce the proliferation of trophoblast cells. Further studies will be necessary to demonstrate the influence of T. cruzi infection on the cell cycle of BeWo cells in 3D cultures. This effect could be related to the epithelial turnover previously reported in infected 2D BeWo cultures and human placental chorionic villi explants (Liempi et al., 2016).

The congenital transmission mechanism of T. cruzi may include not only invading trophoblasts but migrating between them. Rodriguez and colleagues expanded their analysis to T. cruzi strains from vertically infected children in myocyte spheroids, revealing a highly migratory phenotype (Rodríguez et al., 2020). Conversely, an isolate from an infected mother, who did not transmit the infection to her children, exhibited significantly less migration. The examination of migration patterns in BeWo spheroids has the potential to provide valuable insights.

It has been shown that 3D trophoblast cultures exhibit a differential transcription pattern compared to 2D cultures, with significant up-regulations in canonical pathways and biological processes such as immune response, angiogenesis, response to stimulus, and wound healing (Wong et al., 2019). Therefore, it could be inferred that the interaction with the parasite would be modified, consistently with our results. Transcriptomic studies on the parasite-host interaction in this new model are relevant to further investigate the placental response to the presence/infection of T. cruzi.

Our research positions spheroids as helpful tools for studying placental-pathogen interactions.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

SA: Data curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. MDS: Methodology, Visualization, Writing – review & editing. AM-C: Formal analysis, Investigation, Methodology, Visualization, Writing – review & editing. MAC: Methodology, Writing – review & editing. SL: Data curation, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. AS: Conceptualization, Formal analysis, Funding acquisition, Investigation, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declares financial support was received for the research, authorship, and/or publication of this article. This study was funded by PICT 2017- 0234 and PICT 2020-0862 from the Ministry of Science Technology and Innovation, Argentina to AS (principal investigator) and SL (research associate). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.




Acknowledgments

We acknowledge the contribution of BeWo cell line to Dr Ricardo Fretes and Maria Fernanda Triquel from Facultad de Ciencias Médicas, Universidad Nacional de Córdoba-INICSA (CONICET), Córdoba, Argentina.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.1433424/full#supplementary-material




References

(2015). Chagas disease in Latin America: an epidemiological update based on 2010 estimates. Wkly Epidemiol. Rec. 90, 33–43. Available at: https://iris.who.int/handle/10665/242316 (Accessed July 16, 2024).

(2010). WHA63.20 Chagas disease: control and elimination. Available online at: https://www.who.int/publications-detail-redirect/wha63.20 (Accessed May 6, 2024).

 Alves, L. R., Oliveira, C., and Goldenberg, S. (2015). Eukaryotic translation elongation factor-1 alpha is associated with a specific subset of mRNAs in Trypanosoma cruzi. BMC Microbiol. 15, 104. doi: 10.1186/s12866-015-0436-2

 Andrade, S. G. (1982). The influence of the strain of Trypanosoma cruzi in placental infections in mice. Trans. R Soc. Trop. Med. Hyg. 76, 123–128. doi: 10.1016/0035-9203(82)90036-0

 Antinori, S., Galimberti, L., Bianco, R., Grande, R., Galli, M., and Corbellino, M. (2017). Chagas disease in Europe: A review for the internist in the globalized world. Eur. J. Intern. Med. 43, 6–15. doi: 10.1016/j.ejim.2017.05.001

 Benatar, A. F., García, G. A., Bua, J., Cerliani, J. P., Postan, M., Tasso, L. M., et al. (2015). Galectin-1 prevents infection and damage induced by Trypanosoma cruzi on cardiac cells. PloS Negl. Trop. Dis. 9, e0004148. doi: 10.1371/journal.pntd.0004148

 Billaut-Mulot, O., Fernandez-Gomez, R., Loyens, M., and Ouaissi, A. (1996). Trypanosoma cruzi elongation factor 1-α: nuclear localization in parasites undergoing apoptosis. Gene 174, 19–26. doi: 10.1016/0378-1119(96)00254-5

 Bisio, M., Seidenstein, M. E., Burgos, J. M., Ballering, G., Risso, M., Pontoriero, R., et al. (2011). Urbanization of congenital transmission of Trypanosoma cruzi: prospective polymerase chain reaction study in pregnancy. Trans. R Soc. Trop. Med. Hyg. 105, 543–549. doi: 10.1016/j.trstmh.2011.07.003

 Brenière, S. F., Waleckx, E., and Barnabé, C. (2016). Over six thousand Trypanosoma cruzi strains classified into discrete typing units (DTUs): Attempt at an inventory. PloS Negl. Trop. Dis. 10, e0004792. doi: 10.1371/journal.pntd.0004792

 Bua, J., Volta, B. J., Perrone, A. E., Scollo, K., Velázquez, E. B., Ruiz, A. M., et al. (2013). How to improve the early diagnosis of Trypanosoma cruzi infection: Relationship between validated conventional diagnosis and quantitative DNA amplification in congenitally infected children. PloS Negl. Trop. Dis. 7, e2476. doi: 10.1371/journal.pntd.0002476

 Bua, J., Volta, B. J., Velazquez, E. B., Ruiz, A. M., Rissio, A. M. D., and Cardoni, R. L. (2012). Vertical transmission of Trypanosoma cruzi infection: quantification of parasite burden in mothers and their children by parasite DNA amplification. Trans. R Soc. Trop. Med. Hyg. 106, 623–628. doi: 10.1016/j.trstmh.2012.03.015

 Burgos, J. M., Altcheh, J., Bisio, M., Duffy, T., Valadares, H. M. S., Seidenstein, M. E., et al. (2007). Direct molecular profiling of minicircle signatures and lineages of Trypanosoma cruzi bloodstream populations causing congenital Chagas disease. Int. J. Parasitol. 37, 1319–1327. doi: 10.1016/j.ijpara.2007.04.015

 Carlier, Y., Sosa-Estani, S., Luquetti, A. O., and Buekens, P. (2015). Congenital Chagas disease: an update. Mem. Inst. Oswaldo Cruz. 110, 363–368. doi: 10.1590/0074-02760140405

 Carlier, Y., and Truyens, C. (2015). Congenital Chagas disease as an ecological model of interactions between Trypanosoma cruzi parasites, pregnant women, placenta and fetuses. Acta Tropica. 151, 103–115. doi: 10.1016/j.actatropica.2015.07.016

 Carlier, Y., Truyens, C., Deloron, P., and Peyron, F. (2012). Congenital parasitic infections: A review. Acta Trop. 121, 55–70. doi: 10.1016/j.actatropica.2011.10.018

 De Pablos, L. M., González, G. G., Solano Parada, J., Seco Hidalgo, V., Díaz Lozano, I. M., Gómez Samblás, M. M., et al. (2011). Differential expression and characterization of a member of the mucin-associated surface protein family secreted by Trypanosoma cruzi. Infect. Immun. 79, 3993–4001. doi: 10.1128/IAI.05329-11

 Droguett, D., Carrillo, I., Castillo, C., Gómez, F., Negrete, M., Liempi, A., et al. (2017). Trypanosoma cruzi induces cellular proliferation in the trophoblastic cell line BeWo. Exp. Parasitol. 173, 9–17. doi: 10.1016/j.exppara.2016.12.005

 Duaso, J., Rojo, G., Cabrera, G., Galanti, N., Bosco, C., Maya, J. D., et al. (2010). Trypanosoma cruzi induces tissue disorganization and destruction of chorionic villi in an ex vivo infection model of human placenta. Placenta 31, 705–711. doi: 10.1016/j.placenta.2010.05.007

 Fennema, E., Rivron, N., Rouwkema, J., van Blitterswijk, C., and de Boer, J. (2013). Spheroid culture as a tool for creating 3D complex tissues. Trends Biotechnol. 31, 108–115. doi: 10.1016/j.tibtech.2012.12.003

 Herrera, C., Truyens, C., Dumonteil, E., Alger, J., Sosa-, S., Cafferata, M. L., et al. (2019). Phylogenetic analysis of Trypanosoma cruzi from pregnant women and newborns from Argentina, Honduras, and Mexico suggests an association of parasite haplotypes with congenital transmission of the parasite. J. Mol. Diagnost. 21, 1095–1105. doi: 10.1016/j.jmoldx.2019.07.004

 Hirschhaeuser, F., Menne, H., Dittfeld, C., West, J., Mueller-Klieser, W., and Kunz-Schughart, L. A. (2010). Multicellular tumor spheroids: an underestimated tool is catching up again. J. Biotechnol. 148, 3–15. doi: 10.1016/j.jbiotec.2010.01.012

 Juiz, N. A., Solana, M. E., Acevedo, G. R., Benatar, A. F., Ramirez, J. C., da Costa, P. A., et al. (2017). Different genotypes of Trypanosoma cruzi produce distinctive placental environment genetic response in chronic experimental infection. PloS Negl. Trop. Dis. 11, e0005436. doi: 10.1371/journal.pntd.0005436

 Kemmerling, U., Osuna, A., Schijman, A. G., and Truyens, C. (2019). Congenital transmission of Trypanosoma cruzi: A review about the interactions between the parasite, the placenta, the maternal and the fetal/neonatal immune responses. Front. Microbiol. 14. doi: 10.3389/fmicb.2019.01854

 Liempi, A., Castillo, C., Carrillo, I., Muñoz, L., Droguett, D., Galanti, N., et al. (2016). A local innate immune response against Trypanosoma cruzi in the human placenta: The epithelial turnover of the trophoblast. Microb. Pathog. 99, 123–129. doi: 10.1016/j.micpath.2016.08.022

 Liempi, A., Castillo, C., Cerda, M., Droguett, D., Duaso, J., Barahona, K., et al. (2015). Trypanosoma cruzi infectivity assessment in “in vitro” culture systems by automated cell counting. Acta Trop. 143, 47–50. doi: 10.1016/j.actatropica.2014.12.006

 Macedo, A. M., MaChado, C. R., Oliveira, R. P., and Pena, S. D. J. (2004). Trypanosoma cruzi: genetic structure of populations and relevance of genetic variability to the pathogenesis of chagas disease. Mem. Inst. Oswaldo Cruz. 99, 1–12. doi: 10.1590/S0074-02762004000100001

 Macedo, A. M., and Pena, S. D. (1998). Genetic variability of Trypanosoma cruzi:Implications for the pathogenesis of Chagas disease. Parasitol. Today 14, 119–124. doi: 10.1016/S0169-4758(97)01179-4

 Messenger, L. A., and Bern, C. (2018). Congenital Chagas disease: current diagnostics, limitations and future perspectives. Curr. Opin. Infect. dis. 31, 415–421. doi: 10.1097/QCO.0000000000000478

 Miranda, C. G., Solana, M. E., Curto M de, L. A., Lammel, E. M., Schijman, A. G., and Alba Soto, C. D. (2015). A flow cytometer-based method to simultaneously assess activity and selectivity of compounds against the intracellular forms of Trypanosoma cruzi. Acta Trop. 152, 8–16. doi: 10.1016/j.actatropica.2015.08.004

 Muoth, C., Wichser, A., Monopoli, M., Correia, M., Ehrlich, N., Loeschner, K., et al. (2016). A 3D co-culture microtissue model of the human placenta for nanotoxicity assessment. Nanoscale 8, 17322–17332. doi: 10.1039/C6NR06749B

 Oliveira, I., Torrico, F., Muñoz, J., and Gascon, J. (2010). Congenital transmission of Chagas disease: a clinical approach. Expert Rev. Anti Infect. Ther. 8, 945–956. doi: 10.1586/eri.10.74

 Orendi, K., Gauster, M., Moser, G., Meiri, H., and Huppertz, B. (2010). The choriocarcinoma cell line BeWo: syncytial fusion and expression of syncytium-specific proteins. Reproduction 140, 759–766. doi: 10.1530/REP-10-0221

 Organización Panamericana de la Salud (2020). Synthesis of evidence: Guidance for the diagnosis and treatment of Chagas diseaseSíntese de evidências: Guia de diagnóstico e tratamento da doença de Chagas. Rev. Panam Salud Publica. 44, e28. doi: 10.26633/RPSP.2020.28

 Picado, A., Cruz, I., Redard-Jacot, M., Schijman, A. G., Torrico, F., Sosa-Estani, S., et al. (2018). The burden of congenital Chagas disease and implementation of molecular diagnostic tools in Latin America. BMJ Global Health 3, e001069. doi: 10.1136/bmjgh-2018-001069

 Risso, M. G., Garbarino, G. B., Mocetti, E., Campetella, O., González Cappa, S. M., Buscaglia, C. A., et al. (2004). Differential Expression of a Virulence Factor, the trans- Sialidase, by the Main Trypanosoma cruzi Phylogenetic Lineages. J. Infect. Dis. 189, 2250–2259. doi: 10.1086/420831

 Rodríguez, M. E., Rizzi, M., Caeiro, L. D., Masip, Y. E., Perrone, A., Sánchez, D. O., et al. (2020). Transmigration of Trypanosoma cruzi trypomastigotes through 3D cultures resembling a physiological environment. Cell Microbiol. 22, e13207. doi: 10.1111/cmi.13207

 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

 Shamir, E. R., and Ewald, A. J. (2014). Three-dimensional organotypic culture: experimental models of mammalian biology and disease. Nat. Rev. Mol. Cell Biol. 15, 647–664. doi: 10.1038/nrm3873

 Silberstein, E., Kim, K. S., Acosta, D., and Debrabant, A. (2021). Human placental trophoblasts are resistant to Trypanosoma cruzi infection in a 3D-culture model of the maternal-fetal interface. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.626370

 Smalley, K. S. M., Lioni, M., and Herlyn, M. (2006). Life isn’t flat: taking cancer biology to the next dimension. In Vitro Cell Dev. Biol. Anim. 42, 242–247. doi: 10.1290/0604027.1

 Solana, M. E., Celentano, A. M., Tekiel, V., Jones, M., and Cappa, S. M. G. (2002). Trypanosoma cruzi: effect of parasite subpopulation on murine pregnancy outcome. J. Parasitol. 88, 102. doi: 10.1645/0022-3395(2002)088[0102:TCEOPS]2.0.CO;2

 Stojanovska, V., Arnold, S., Bauer, M., Voss, H., Fest, S., and Zenclussen, A. C. (2022). Characterization of three-dimensional trophoblast spheroids: An alternative model to study the physiological properties of the placental unit. Cells 11, 2884. doi: 10.3390/cells11182884

 Torrico, F., Alonso-Vega, C., Suarez, E., Rodriguez, P., Torrico, M.-C., Dramaix, M., et al. (2004). Maternal Trypanosoma cruzi infection, pregnancy outcome, morbidity, and mortality of congenitally infected and non-infected newborns in Bolivia. Am. J. Trop. Med. Hyg. 70, 201–209. doi: 10.4269/ajtmh.2004.70.201

 Wong, M. K., Wahed, M., Shawky, S. A., Dvorkin-Gheva, A., and Raha, S. (2019). Transcriptomic and functional analyses of 3D placental extravillous trophoblast spheroids. Sci. Rep. 9, 12607. doi: 10.1038/s41598-019-48816-8

 Yamada, K. M., and Cukierman, E. (2007). Modeling tissue morphogenesis and cancer in 3D. Cell 130, 601–610. doi: 10.1016/j.cell.2007.08.006

 Zanoni, M., Piccinini, F., Arienti, C., Zamagni, A., Santi, S., Polico, R., et al. (2016). 3D tumor spheroid models for in vitro therapeutic screening: a systematic approach to enhance the biological relevance of data obtained. Sci. Rep. 6, 19103. doi: 10.1038/srep19103

 Zingales, B., Miles, M. A., Campbell, D. A., Tibayrenc, M., Macedo, A. M., Teixeira, M. M. G., et al. (2012). The revised Trypanosoma cruzi subspecific nomenclature: Rationale, epidemiological relevance and research applications. Infect. Genet. Evol. 12, 240–253. doi: 10.1016/j.meegid.2011.12.009




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Apodaca, Di Salvatore, Muñoz-Calderón, Curto, Longhi and Schijman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-14-1433424-g006.jpg
BeWo cells number

EF1-a copies/BeWo cell

3,50

3,00

2,50

2,00

1,50

1,00

0,50

0,00

9E+06
8E+06
7E+06
6E+06
5E+06
4E+06
3E+06
2E+06
1E+06
0E+00

Parasitic load

k%

2D

VD

3D

2D

K98

3D

BeWo cells quantification

VD

k% k

3D

PAN4

K98

* %
2D 3D 2D 3D

* %

3D

PAN4





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Novel 3D human trophoblast culture to explore T. cruzi infection in the placenta

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Trophoblast cell culture

          



          		

            2.2 Trypanosoma cruzi cultures

          



          		

            2.3 Three-dimensional cultures

          



          		

            2.4 Live and dead cells in the different models

          



          		

            2.5 β-hCG measurement

          



          		

            2.6 Immunofluorescence microscopy

          



          		

            2.7 Infection with different strains of T. cruzi

          



          		

            2.8 Quantification of parasite loads in spheroids

          



          		

            2.9 Statistics

          



        



        



        		

          3 Results

        

          		

            3.1 3D culture growth profile

          



          		

            3.2 Viability and functionality

          



          		

            3.3 Infection with T. cruzi strains

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2024.1433424_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Novel 3D human trophoblast culture to
explore T. cruzi infection in the placenta





OEBPS/Images/fcimb-14-1433424-g004.jpg
3D Large with forskolin






OEBPS/Images/fcimb-14-1433424-g002.jpg
100
90
80
70
60
50
40
30
20
10

Cell viability %

100
90
80
70
60
50
40
30
20
10

Cell viability %

3 Days

2D

3D SMALL

5 Days

3D SMALL

3D LARGE

3D LARGE






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1433424-g005.jpg





OEBPS/Images/fcimb-14-1433424-g001.jpg
BeWo Spheroids
550,00 i .......... ®
R R } """ (s}
T oacoon | L e o
Easo00 | g —— 2
5 2
k] N
g 350,00 o ASmall 316
°
‘_3 A Small 3375
'@ 250,00 O Large 1000
=]
_G:' ® Large 3375
(=
150,00
50,00
0 1 2 3 4 5 6 7 8

Time after seeding (Days)





OEBPS/Images/fcimb-14-1433424-g003.jpg
Without forskolin

With forskolin

B-hCG(mUI/ml)

B-hCG (mUI/ml)

5000

500

50

5000

500

50

* %k

k%%

* %k %

3D Small

3 Days

3D Large

* %K
3D Small 3D Large

5 Days





